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The cysteine residues of the g crystallins, a family of ocular lens proteins,
are involved in the aggregation and phase separation of these proteins.
Both these phenomena are implicated in cataract formation. We have
used bovine gB crystallin as a model system to study the role of the indi-
vidual cysteine residues in the aggregation and phase separation of the g
crystallins. Here, we compare the thermodynamic and kinetic behavior of
the recombinant wild-type protein (WT) and the Cys18 to Ser (C18S)
mutant. We ®nd that the solubilities of the two proteins are similar. The
kinetics of crystallization, however, are different. The WT crystallizes
slowly enough for the metastable liquid-liquid coexistence to be easily
observed. C18S, on the other hand, crystallizes rapidly; the metastable
coexisting liquid phases of the pure mutant do not form. Nevertheless,
the coexistence curve of C18S can be determined provided that crystalli-
zation is kinetically suppressed. In this way we found that the coexis-
tence curve coincides with that of the WT. Despite the difference in the
kinetics of crystallization, the two proteins were found to have the same
crystal forms and almost identical X-ray structures. Our results demon-
strate that even conservative point mutations can bring about dramatic
changes in the kinetics of crystallization. The implications of our ®ndings
for cataract formation and protein crystallization are discussed.
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Bovine gB crystallin is a member of a highly
homologous family of mammalian lens proteins
known as the g crystallins.1 Together with the a
and b crystallins, these proteins are essential for
maintaining the proper refractive index gradient of
the eye lens.2 The g crystallins differ from the a
and b crystallins in two important respects. Firstly,
the interactions between the g crystallins are
attractive.3 The attractive interactions reduce the
osmotic pressure in the lens, but they also makes
ing author:

artment of Chemical
niversity, Medford,

ovine gB crystallin
WT, recombinant
essed in E. coli; C18S,
ithiothreitol.
the g crystallins more susceptible to aggregation
and phase separation, phenomena which diminish
the homogeneity of the lens and lead to cataract.4

Secondly, the g crystallins contain a large number
of cysteine residues. These residues are all in the
reduced state and so free to react.5 Indeed, modi®-
cations of the cysteine residues lead to the for-
mation of high molecular weight aggregates in
age-onset nuclear cataract.6,}7 Yet, despite the
potentially deleterious effects of the attractive inter-
actions and the reactive cysteine residues, the g
crystallins remain soluble for many years at high
concentrations and with little turnover, maintain-
ing lens transparency.

In order to understand the role of the cysteine
residues in the aggregation and phase separation
of the g crystallins, we have been studying native
bovine gB crystallin as a model system. We have
introduced conservative (Cys to Ser) point
# 2001 Academic Press



Figure 1. Phase diagram of WT, NA and C18S. (a)
The solubility curves of WT (®lled black squares), NA
(®lled magenta circles) and C18S (®lled green triangles)
are shown together with the liquid-liquid coexistence
curves of WT (open black squares), NA (open magenta
circles) and the 5 % WT (open green triangles) and 10 %
WT (open blue triangles) mixtures with C18S. The lines
are guides to the eye. (b) Log-linear plot of the solubility
curves in Figure 1(a) used to extract the enthalpies and
entropies of the protein crystals. The lines are ®ts to
equation (1). T0 is a reference temperature which was
taken to be 295 K. Methods: Crystals were produced by
quenching a high concentration (50-125 mg/ml) protein
solution to ÿ9 �C for ®ve minutes to promote crystal
nucleation. The solution was then brought back to room
temperature where crystal growth occurred. This pro-
cedure separates the nucleation stage from that of
growth and has been used to study nucleation kinetics
in lysozyme.17 To compare nucleation rates for different
proteins, the initial concentrations were chosen so that
at the quench temperature the supersaturations of the
solutions were approximately the same. All solutions
contained 0.1 M phosphate buffer (pH 7) with 20 mM
DTT. This reducing agent was added to suppress thiol-
mediated protein dimerization and subsequent aggrega-
tion, for these phenomena interfere with crystal for-
mation. To determine the solubility curves, crystals were
placed at a ®xed temperature in fresh solutions of the
phosphate buffer with DTT. As the crystals melted, the
concentration of protein in solution was monitored by
removing aliquots of the supernatant and measuring the
absorbance at 280 nm. The system was deemed to be in
equilibrium when the concentration of the solution
reached a constant value. The solution-crystal system
was continuously stirred to ensure thorough mixing of
the components. The coexistence curves were deter-
mined by measuring the temperatures at which a pro-
tein solution of known concentration (and composition,
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mutations at individual cysteine residues of this
protein and have found that these mutations mark-
edly affect the aggregation and phase behavior of
the protein. Here, we compare the phase behavior
of the Cys18 to Ser (C18S) mutant with that of the
native bovine gB crystallin (NA) and the recombi-
nant wild-type protein (WT). Our ®ndings on the
other mutants of bovine gB crystallin will be dis-
cussed elsewhere.

Phase behavior

A characteristic of solutions of the g crystallins is
that they exhibit two phase transitions: crystal-
lization8 and liquid-liquid phase separation.9,10

Both transitions occur upon cooling. In crystalliza-
tion,
a solid (crystal) forms from the protein solution.
The solubility (at any given temperature) is the
concentration at which the protein solution is in
equilibrium with the crystal phase. In liquid-liquid
phase separation, the solution separates into two
coexisting liquid phases of unequal protein concen-
tration. This liquid-liquid phase separation is
brought about by the attractive interactions
between the g crystallins.11 The coexistence curve
is the locus of coexisting concentrations at various
temperatures. Although liquid-liquid phase separ-
ation is metastable with respect to crystallization
(i.e. it occurs at a lower temperature), crystal for-
mation in the g crystallins is usually slow enough
so that the coexistence curve can still be
measured.10

We determined the solubilities and the liquid-
liquid coexistence curves for WT and C18S as well
as for NA (Figure 1(a)). The solubilities of WT
(®lled black squares), NA (®lled magenta circles)
and C18S (®lled green triangles) are all very simi-
lar. This is as expected, since WT and NA are the
same protein, and the cysteine-to-serine substi-
tution made in the mutant is conservative.

Unexpectedly, the mutant protein forms crystals
much more quickly than the wild-type or native
protein. C18S crystallizes in a matter of hours,
while it takes days or even weeks for crystals of
WT or NA to form. All three proteins form crystals
of similar shape and size. The rapid crystallization
of C18S is caused by an enhanced nucleation rate
and not by a faster growth rate; when solutions of
WT are seeded with WT crystals, crystal growth
occurs at the same rate as in solutions of C18S
seeded with C18S crystals. It is interesting to note
that cross-seeding is not effective. Crystals do
not grow in solutions of WT seeded with C18S
crystals.
in the case of mixtures) clouded upon cooling and
cleared upon heating. The phase separation temperature
was taken to be the average of the clouding and clearing
temperatures. Details of this method are given in Liu
et al.18
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The slow crystallization allows the liquid-liquid
coexistence curves of the WT (open black squares)
and NA (open magenta circles) to be readily
determined and they are identical. The rapid
crystallization of C18S, however, renders a direct
measurement of its coexistence curve impossible.

An indirect determination of the location of the
C18S coexistence curve is possible if the crystalliza-
tion of the protein is suppressed. We have found
that in solutions of C18S which contain 5 % of WT
(by number), the crystallization of C18S is delayed
by approximately 24 hours as compared to pure
solutions of C18S at the same total protein concen-
tration. The crystals which do eventually form in
this mixture consist of pure C18S. In solutions with
10 % of WT, crystallization is not observed at all.
Since the WT and C18S proteins are similar, and
the amounts of WT in the mixtures are small, the
coexistence curve of the pure C18S can be calcu-
lated from the coexistence curves of the mixtures.12

We found that the coexistence curves of C18S mix-
tures with 5 % (open green triangles) and 10 %
(open blue triangles) of WT coincide with that of
the pure WT protein (Figure 1(a)). From this we
deduced that the coexistence curve of pure C18S
coincides with that of WT. This result is not sur-
prising given that liquid-liquid phase separation is
mainly governed by the average energy of inter-
action between the proteins,13 and the conservative
mutation introduced should barely alter this aver-
age energy.

The enthalpies (�H) and entropies (�S) of crys-
tal formation provide a quantitative measure of the
similarity between the interactions of the proteins,
for the enthalpy is related to the local energies of
binding at the crystal contacts, while the entropy is
a measure of the freedom lost upon crystal-
lization.14 These enthalpies and entropies may be
extracted from the dilute region of the solubility
curves using the van't Hoff equation:15

lnf � �H

RT
ÿ�S

R
�1�

Here, f is the volume fraction of protein in sol-
ution. (It is related to the concentration C (in mg/
ml) by the expression f � vC, where v is the
speci®c volume, which is taken to be 7.1 � 10ÿ4

ml/mg.10), R is the universal gas constant, and T is
the temperature. In Figure 1(b), we show the solu-
bility curves of WT (black squares), NA (magenta
Table 1. Thermodynamic parameters for the crystallization o

Protein Ceq (T0) (mg/ml) �G(T0) (kJ

WT 39.3 ÿ8.8
NA 37.7 ÿ8.9
C18S 26.6 ÿ9.7

Ceq(T0) is the solubility at T0 (a reference temperature which was
free energy (�G � �H ÿ T�S), the enthalpy and the entropy of form
circles) and C18S (green triangles) together with
the ®ts to equation (1). Only the concentrations
below 50 mg/ml, where the g crystallins may be
considered dilute,11 were used in the ®ts. The devi-
ations from the ®ts at higher concentrations are
due to the attractive interactions between the
proteins.11,16 To within the experimental error, the
enthalpies and entropies of crystal formation of
WT, C18S and NA are identical (Table 1).

Why does C18S crystallize so much more rapidly
than WT or NA? One possibility is that the mutant
and wild-type proteins have different crystal
forms. It is well known that different crystal forms
nucleate at different rates.19 This phenomenon has
been investigated extensively for lysozyme.20,21 We
have observed it in human gD crystallin and a
mutant (Arg36 to Ser),22 which leads to a congeni-
tal cataract.23 Although the secondary and tertiary
structures of these two proteins are very similar,
they have different unit cells (Kmoch et al.;23 A.
Basak & C. Slingsby, personal communication) and
require different initial supersaturations for crystals
to form (the supersaturation is de®ned as the ratio
of the protein concentration in solution to the
solubility).

We determined the space groups and unit cells
of the C18S and WT crystals to check if they were
the same. We also compared the X-ray structures
of the two proteins to verify that the mutation had
not signi®cantly affected the three dimensional
structure of the protein, and thus demonstrate that
the altered kinetics were not due to a major confor-
mational change in the protein.

Structure determination

The structure of C18S gB crystallin was deter-
mined using diffraction data collected with CuKa
radiation and a single crystal at room temperature.
Initial phase estimates were obtained by molecular
replacement using the 1.47 AÊ model of the native
gB crystallin24 with the loop containing the
mutation as well as residues above and below the
mutation omitted. The initial electron-density maps
were improved by cycles of manual model build-
ing and automated re®nement. Unambiguous elec-
tron density was observed for the region
containing the C18S mutation (Figure 2(a)).

The crystal forms of the C18S mutant and the
native gB crystallin were very similar to each
other. The C18S mutant had unit cell dimensions
of a � b � 57.85 AÊ , c � 98.71 AÊ , and a �b �
f WT, NA and C18S

molÿ1) �H (kJ molÿ1) ÿT0�S (kJ molÿ1)

ÿ52.4 43.6
ÿ48.9 40.0
ÿ53.2 43.5

taken to be 295 K). �G, �H and �S are, respectively, the Gibbs
ation of the crystal phase for each protein.



Figure 2. (a) Loop electron density for C18S. Map cal-
culated with j2Fo ÿ Fcj coef®cients and model phases,
contoured at 1s, using the ®nal re®ned model. The
bonds in the model are colored according to atom type
(red, oxygen; blue, nitrogen; yellow, carbon; and green,
sulfur). Water molecules are shown as cyan spheres.
The positions of Ser18 and Cys22 are indicated above
the residues. (b) Comparison of loop conformation
between the C18S mutant and native gB crystallin struc-
tures. The residues of the reduced native gB crystallin
structure24 are in magenta, and the residues of the C18S
mutant are as described in (a). The conformations of the
two loops are similar, with an average rms deviation
of 0.18 AÊ between the main-chain coordinates and an
average rms deviation of 0.39 AÊ between the
side-chain coordinates. Methods: A single crystal
(1 mm � 0.4 mm � 0.1 mm) was harvested into 100 mM
sodium phosphate pH 7.0 � 1 mM DTT. The crystal was
mounted in a 1 mm diameter quartz capillary tube and
maintained at room temperature (23 �C) throughout the
data collection. Diffraction data were collected using
CuKa radiation (l � 1.5418 AÊ ) generated using a Rigaku
RU200 rotating copper anode source. The data were
recorded at a distance of 120 mm on RAXIS II image
plates at an exposure time of 15 minutes. An oscillation
angle of 1 � per image was used. Diffraction intensities
were integrated and scaled using DENZO and
SCALEPACK.26 An overall isotropic B-factor was esti-
mated to be 28 AÊ from a Wilson plot, with no evidence
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g � 90 � in space group P41212 (Table 2) with one
protein in the asymmetric unit, while NA had unit
cell dimensions a � b � 57.53 AÊ , c � 97.95 AÊ , and
a � b � g � 90 � in the same space group with one
protein in the asymmetric unit as well.24 Compari-
son of the re®ned structure of C18S with that of
the reduced NA revealed that the overall confor-
mation of the proteins was essentially identical, as
was the loop region containing the C18S mutation
(Figure 2(b)). For the residues in the loop, an aver-
age rms deviation of 0.18 AÊ between the main-
chain coordinates and an average rms deviation of
0.39 AÊ between the side-chain coordinates was cal-
culated. The pattern of hydrogen bonds among the
residues in the loop were similar, except that Ser18
in the mutant makes two additional hydrogen
bonds, one to the backbone carbonyl group of
Ser20 and the other to a nearby water molecule
that was not observed in the native structure
(Figure 2(a)). It is possible that the modi®cation in
hydrogen bonding brought about by the mutation
is involved in the enhanced nucleation of C18S. If
this is the case, it is unclear why the mutation only
affects the crystal nucleation rate, but not any of
the fundamental thermodynamic parameters.
However, since the mutation has little effect on the
structure of the gB crystallin protein, the enhanced
of anisotropy. Initial phases were determined by mol-
ecular replacement using AmoRE,27 with a 1.47 AÊ struc-
ture of bovine gB crystallin24 as the search model. This
model comprised one native gB crystallin with residues
Lys2 to Phe5, His14 to Ser30, Tyr42, and Cys78 to
Leu80 removed. A rotation search using 10-3.5 AÊ data
revealed one unique solution. Electron-density maps cal-
culated omitting subsections of the model revealed clear
density for the omitted regions. A model for the omitted
regions was built and the initial model was adjusted
using averaged electron-density maps that were calcu-
lated by omitting coordinates for the region under con-
sideration. The rebuilt model was re®ned using X-
PLOR28 with rigid body, simulated annealing, positional
and restrained B-factor re®nement steps. After nine
cycles of rebuilding and re®nement the R-factor was
0.223 and the free R-factor was 0.243. Water molecules
were added based on peaks in Fobs ÿ Fcalc difference
maps identi®ed using the CCP4 suite of programs29 and
SHELX,30 and on hydrogen-bonding distance and geo-
metry criteria. Re®nement steps using SHELX30 were
included in cycles six, seven, and eight. The ®nal model
includes coordinates for 173 residues (1458 protein
atoms) and 71 water molecules. Weak to non-existent
electron density was observed for Met160 Ce, Cg and S,
and thus those atoms were not included in the residue.
The C-terminal Tyr174 was also omitted from the model
for the same reason. Model geometry was examined
using PROCHECK25 and was found to meet or exceed
criteria determined for the 1.47 AÊ structure of bovine gB
crystallin.24 No residues fell outside the allowed regions
of a Ramachandran plot. Average cross-validated
coordinate error was estimated to be 0.27 AÊ by Luzzati
analysis31 and 0.19 AÊ by SIGMAA analysis.32



Table 2. Data collection and re®nement statistics

A. Cell parameters (space group P41212)
a � b (AÊ ) 57.85
c (AÊ ) 98.71
a � b � g (deg.) 90.00

B. Data collection
Wavelength, (AÊ ) 1.5418
Resolution (AÊ ) 30.0-2.4 (2.44-2.40)a

Mosaicity (deg.) 0.3
Total no. reflections 68,447
No. unique reflections 6843
Completeness (%) 97.1 (92.8)a

Average I/sI 21.6 (9.6)a

Rmerge (%)b 7.4 (14.6)a

C. Refinement (20.0-2.4 AÊ )
No. reflections (free) 5998 (679)
Rcryst (%)c 22.3
Rfree (%)d 24.3
Average B (AÊ 2), overall 13.2
Average B (AÊ 2), protein 11.9
Average B (AÊ 2), water 37.9
rmsd bonds (AÊ ) 0.009
rmsd angles (deg.) 1.21
rmsd dihedrals (deg.) 28.6
Ramachandran Plote

Favored (%) 88.7
Allowed (%) 11.3

a Numbers in parenthesis denote values in the highest resolu-
tion shell.

b R-factor (�jI(hkl) ÿ hIij/�I) on intensity for symmetry-
related re¯ections.

c R-factor (�jFobs ÿ Fcalcj/Fobs) on structure factors for re¯ec-
tions used in re®nement (90 % of total).

d R-factor on structure factors for re¯ections omitted at ran-
dom from the re®nement and used as a test set (10 % of total).

e As de®ned in PROCHECK.25
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nucleation is not caused by any signi®cant confor-
mational change.

Discussion and conclusion

Loss of solubility in the g crystallins is associated
with lens opacity.33 Point mutations which enhance
protein crystallization, such as the one we have
studied here, can lead to cataract formation.
Indeed, we have recently shown that two human
genetic cataracts are caused by the enhanced crys-
tallization of mutant gD crystallins.22 In the case of
the Arg36 to Ser mutation of human gD crystallin,
crystals of the mutant protein have been in fact iso-
lated from the lens of a young patient.23

Several instances of amino acid substitutions
leading to increased crystal nucleation rates have
been reported. The rationales included strengthen-
ing or introducing a crystal contact,34 constructing
the building blocks of the crystal (e.g. forming
dimers out of a monomeric protein for which it is
known that the asymmetric unit in the crystal is a
dimer)35 and suppressing aggregation by removing
a reactive residue, generally a cysteine residue.36

None of these rationales explain the enhanced
nucleation of the C18S mutant. The Cys18 residue
is not at a crystal contact and the asymmetric unit
of the crystal is a monomer. Furthermore, the
enhanced nucleation was observed under reducing
conditions; the solutions of WT and C18S remained
essentially monomeric over the course of the crys-
tallization experiments.

The inability of C18S and WT to co-crystallize is
also intriguing. Proteins which are as similar as
C18S and WT generally co-crystallize,37 and co-
crystallization has been reported for pairs of pro-
teins which are fairly different in structure.19 It is
also surprising that C18S did not act as a seed for
WT. Cross-seeding of proteins is usually successful
with similar proteins38 and often works with pro-
teins which do not resemble each other as much as
C18S and WT do.39

The absence of co-crystallization suggests that in
the mixtures it is the C18S alone that is involved in
crystal nucleation. Nevertheless, the observed
reduction in nucleation rate found in the mixtures
is much more than expected from classical nuclea-
tion theory. According to this theory, the nuclea-
tion rate is proportional to the probability of
producing a critical nucleus of n proteins.40,41 This
probability contains a factor of cn, where c is the
concentration in solution of the nucleating species.
The presence of inert WT in the mixtures simply
reduces c by dilution. According to this picture, the
observed halving of the nucleation rate in the 5 %
mixture (as compared to pure C18S) implies that
n � ln(1/2)/ln(0.95) � 14. Although this is a
reasonable size for a critical nucleus of a protein
crystal,42,43 this value of n implies that for the 10 %
mixture, there should be only about a fourfold
reduction in nucleation rate. The actual nucleation
rate dropped by more than 14-fold. This discre-
pancy illustrates the limitations of classical nuclea-
tion theory when applied to protein solutions.17

Our work shows that even a conservative point
mutation in a protein can produce an order of
magnitude increase in the rate of crystallization.
This increase occurred without any change in the
solubility of the protein, the crystal form, or the
protein conformation in the crystal. According to
conventional criteria, the enhanced nucleation of
C18S crystals should involve one or more of the
following factors: a crystal contact, the formation
of the asymmetric unit, or the suppression of
aggregation. Our data shows that the increase in
the rate of crystallization of C18S does not involve
any of these factors. Unraveling the mechanism
underlying the enhancement of nucleation in C18S
may prove valuable in the crystallization of other
proteins.

Protein Data Bank accession code

Coordinates and structure-factor amplitudes
have been deposited in the RCSB Protein Data
Bank with accession code #1I5I.
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